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Abstract— Computational fluid dynamic (CFD) simulations 
of the flow induced by a MEMS circular micro-mirror plate 
undergoing out-of-plane oscillatory rotation are performed. 
Pressure and viscous contributions to the aerodynamic drag 
acting on a 1 mm diameter plate are evaluated for a range of 
scanning frequencies (2 < f (kHz) < 36) and amplitudes 
(2 < θmax (°) < 20). Results show that flow separation and inertia 
effects are significant within the typical operating region of 
resonant micro-scanners. In this region of operation, a 
quadratic increase in damping moment with scan frequency and 
amplitude is observed.  The variation of the cycle-averaged drag 
coefficient with respect to the Reynolds number is presented, 
providing an accurate representation of air damping in the 
design process of resonant micro-scanners. The dependence of 
air damping on thickness of the micro-scanner layer and depth 
of the underlying cavity is also investigated. 
Keywords—micro-scanner; oscillatory flow; drag coefficient; 
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I. INTRODUCTION
In the absence of hermetically-sealed packaging, the 
quality factor of resonating MEMS micro-scanners is 
determined by gas damping losses. The squeeze-film damping 
model, based on lubrication theory, has been considered for 
the evaluation of viscous dissipation of circular mirror plates 
oscillating in close proximity to a plane wall. According to the 
squeeze-film damping model, for a mirror plate with radius R, 
the magnitude of the damping moment, Md is proportional to 
R6, the out-of-plane scanning frequency, f and the scan angle 
amplitude, max  [1]: 
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where μ is the viscosity of air and h is the mirror cavity depth. 
However, inertia-dominated flow has been observed in 
cantilever and scanning mirror microstructures where the 
viscous boundary layer is a small fraction of the underlying 
fluid gap [2]. Damping due to viscous drag on an unbounded 
circular plate oscillating in out-of-plane rotation has been 
derived from unsteady Stokes flow theory as shown in (2) [3]: 
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where 2 22 fR   and   is the time-dependent mirror 
scan angle. However, (2) only applies for small amplitude 
oscillations and a Reynolds number, Re < 1 as defined in (3): 
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where ρ refers to the density of air. 
 The semi-empirical form drag law, valid for bodies 
moving at a fixed speed in a quiescent fluid, has also been 
implemented to describe the high Re flow present in resonant 
micro-scanners [4]. For a circular plate in out-of-plane 
rotation, the form drag equation of (4) predicts an amplitude-
dependent quality factor, Q or non-linear damping, since Md 
is proportional to  5 2,R   as opposed to the unsteady Stokes
flow equation of (2) where Md is a function of  4 ,R  .
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In general the drag coefficient, Cd, of steady moving objects 
is not constant in the laminar flow regime (1 < Re < 2300), 
which, coincides with the operating region of resonating 
micro-scanners. The experimental-evaluation of Cd for a 
scanning micro-mirror plate is often hindered by additional 
damping effects resulting from the actuator mechanism 
oscillations [5].  
In the absence of an empirical expression for  Cd of circular 
micro-plates oscillating in out-of-plane rotation, the micro-
scanner damping characteristics can be analysed in detail 
using computational fluid dynamic (CFD) simulation 
methods. A comprehensive CFD study was recently 
performed to evaluate the drag coefficient and flow regimes 
of a circular plate undergoing translational out-of-plane 
oscillations in the 102 Re range [6]. On the other hand, the 
physical processes leading to non-linear damping observed in 
millimetre-scale micro-mirrors with large amplitude 
oscillations are not yet fully understood [7]. The aim of this 
study is to investigate the fundamental flow characteristics of 
a circular plate oscillating in out-of-plane rotation and to 
deduce the parametric dependence of the drag coefficient and 
hence the quality factor of a resonant micro-scanner using 
three-dimensional transient CFD analysis.  
II. DESCRIPTION OF THE CFD MODEL 
The numerical simulations presented in this paper are 
based on CFD modelling techniques, which have been 
experimentally validated using a 21 kHz electrostatically 
actuated resonating micro-mirror [8]. A spherical 
computational fluid domain is developed for the simulation of 
the flow around an oscillating disk as shown in Fig. 1. Navier-
Stokes simulations are performed in ANSYS Fluent using the 
PISO pressure-velocity coupling scheme for transient 
analysis. The origin of the computational domain coincides 
with that of the surface wall boundaries of the circular disk. 
The disk oscillates in out-of-plane rotation about the x-axis. A 
no-slip velocity boundary condition is imposed on the disk 
surface while the pressure is set zero at the outer spherical 
boundary. Hexahedral elements are used to discretize the 
entire computational domain and the grid resolution is 
gradually increased towards the disk surface to resolve the 
high velocity gradients present in this region.  
In order to realize the oscillatory motion of the unbounded 
disk, the deforming mesh method is applied. The grid is 
allowed to deform in order to accommodate the imposed 
angular displacement of the rigid disk surface boundary. In 
spite of grid deformation, the topology of the mesh is retained 
from the initial time step (i.e. no re-meshing takes place 
between time steps). The mesh quality and validity is 
preserved by applying a grid smoothing method. 
A sinusoidal time-varying angular velocity profile was 
prescribed via a user-defined function to enable disk motion. 
At each time step, the elemental viscous shear stress, vF

 and 
pressure, pF

 components acting normal to the rotating 
surface boundary are combined, as in (5), to obtain the 
temporal aerodynamic moment acting on the scanning circular 
plate, Mplate. r

is the radial position vector component with 
respect to the rotational axis while A is the total surface area 
of the circular plate. Md is the real part of Mplate which is in 
phase with the disk’s angular velocity. 
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An assessment of the temporal and spatial resolution 
influences on the numerical solution is performed at the 
reference micro-scanner operating point (f = 20 kHz; 
θmax = 12°). The convergence of Cd was analysed with respect 
to domain size, number of grid elements and number of time 
steps per cycle. For the parametric evaluation detailed in 
Table 1, 3 oscillation cycles and 500 time steps per cycle were 
simulated while 50 iterations were performed during every 
time step to ensure solution convergence and stability.  
III. RESULTS AND DISCUSSION 
Two underlying characteristics are observed within the 
operating window of Table 1: (i) Mplate is mainly composed of 
the pressure force component indicating a predominantly 
inviscid behavior of the surrounding fluid; (ii) Md is a small 
fraction of the non-dissipative inertial moment component, 
which is out-of-phase relative to the plate motion. These flow 
characteristics are typical for oscillatory motion involving 
mass displacement of fluid whereby the far-field (potential 
flow region) does not instantaneously adjust to the disk 
oscillations.  
The velocity field obtained at low oscillation amplitude 
(θmax = 2°), shown in Fig. 2a, is in agreement with velocity 
streamline patterns obtained from unsteady Stokes flow 
solutions [3]. On the other hand, vortex shedding from the 
plate edges can in fact be observed in Fig. 2b for θmax = 12° 
while the cycle of nucleation, growth and disappearance of the 
viscous eddies is depicted in Fig. 3. This demonstrates that 
within the plate operating range considered, the surrounding 
fluid transitions from Stokes to inviscid flow behavior.  
For 50 < Re < 1000, a quadratic relationship between Md 
and θmax is deduced from the simulation results, in agreement 
with the form drag equation of (4). Given the periodic 
variation of Cd, cycle-averaged coefficient values were 
derived from (6) for each simulation run. 
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Fig. 1: A cross-section of the computational fluid domain surrounding 
the unbounded circular plate surface (Mesh_1)  
 
TABLE I: INPUT PARAMETERS FOR THE RESONANT MICRO-SCANNER 
CFD MODELS 
Parameter Description Range Step Size 
θ (°) 
scan angle 
amplitude 
2-20 2 
f (kHz) scan frequency 2-36 5 
R (μm) 
circular plate 
radius 
250-950 125 
tm (μm) 
circular plate 
thickness 
20-80 15 
h (μm) 
micro-mirror 
cavity depth 
200-600 200 
 
An evaluation of the parametric dependence of the drag 
coefficient was performed using the unbounded disk CFD 
model (Mesh_1). The influence of f and θmax at a fixed R 
(500 μm) and tm (65 μm) is demonstrated in Fig. 4. It can be 
seen that Cd can only be assumed constant at relatively high 
Re. Therefore, in the typical region of operation of high 
performance micro-scanners Cd is an asymptotic function of 
Re. The dependence of the drag coefficient on the plate 
dimensions is displayed in Fig. 5. Although the plate thickness 
is not considered as a characteristic length for the definition of 
Re, a 51.2% increase in Cd is obtained when tm is reduced from 
80 to 20 μm at θmax = 12°, f = 20 kHz and R = 500 μm. The 
onset of flow separation is facilitated with a thinner plate edge 
therefore the effect of air damping on the quality factor of 
micro-scanners, defined in (7), can be reduced by increasing 
the thickness of the mechanical layer. 
(a) 
 
(b) 
 
Fig. 2: Air pressure distribution on the oscillating plate surface and air 
velocity streamlines along the mid-plane at f = 20 kHz, θ(tm) = θmax and 
(a) θmax = 2° (b) θmax = 12° [obtained from Mesh_1] 
  
Fig. 3: Vortical structures identified on the basis of the Q-criterion 
(second invariant of the velocity gradient tensor) during a quarter 
oscillation cycle (Re =448) [obtained from Mesh_1] 
  
Fig. 4: Scan frequency and scan angle amplitude dependence of the drag 
coefficient of a circular plate oscillating in out-of-plane rotation 
(R = 500 μm; tm = 65 μm) [obtained from Mesh_1] 
   
Fig. 5: Radius and thickness dependence of a circular plate oscillating in out-
of-plane rotation (f = 20 kHz; θmax = 12°) [obtained from Mesh_1] 
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Changes to the flow velocity field displayed in Fig. 2 are 
expected in micro-scanners due to the presence of the 
underlying cavity bottom surface. Resonating micro-scanner 
cavities are typically a few hundred microns deep to 
accommodate the high oscillation amplitudes of the mirror 
plate. Both factors render the assumption of Poiseuille-type 
flow within the air cavity as inaccurate. The CFD model 
described in the previous section was modified as shown in 
Fig. 6 by including a wall boundary in order to emulate the 
underlying cavity of a micro-scanner. Fig. 7 indicates that the 
proximity of the cavity surface negatively impacts the quality 
factor for θmax.R/h ratios higher than π/12. 
IV. CONCLUSIONS 
CFD simulations demonstrate a predominantly inviscid 
flow behaviour within the typical operating region of 
resonant micro-scanners. This signifies that the damping 
moment acting on a circular mirror plate follows the form 
drag equation and consequently, the quality factor is not 
constant with angular displacement amplitude. The cycle-
averaged drag coefficient of circular micro-mirror plates 
decays asymptotically with respect to Re. Additionally, 
simulation results show that the drag coefficient significantly 
decreases with micro-scanner plate thickness. On the other 
hand, the damping moment is negatively affected by the 
underlying cavity depth for θmax.R/h ratios higher than π/12. 
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Fig. 6: A slice of the computational domain with the cavity wall boundary 
included (Mesh_2) 
 
 
Fig. 7: Cd variation with Re for different micro-scanner cavity depths, h 
(f = 20 kHz; R = 500 μm; tm = 65 μm) [obtained from Mesh_2] 
